Current-perpendicular-to-plane junctions with different cross-sectional areas were fabricated from Fe3Si/FeSi2 artificial lattice films, wherein antiferromagnetic interlayer coupling was induced across the FeSi2 spacer layers, by employing a focused ion beam (FIB) apparatus. Evident hysteresis loops in the electrical resistance for current injection due to current-induced magnetization switching (CIMS) were observed. The average value of critical current densities for inducing CIMS was 2  10 2 A/cm 2 , which is at least three orders of magnitude smaller than values that have ever been reported. This might be because CIMS in our junctions is induced by the destruction of the AF interlayer coupling, which differs from the general mechanism of CIMS.
Introduction
Since the discovery of giant magnetoresistance (GMR) [1, 2] and tunnel magnetoresistance (TMR) [3] [4] [5] [6] [7] [8] effects, spin-dependent carrier transportation and spin current has received much attention. GMR and TMR films employ nonmagnetic metals and insulators as nonmagnetic spacers, respectively. There have been a few studies on heterostructures comprising ferromagnetic metals and semiconductors. Ferromagnetic metal/semiconductor heterostructures have been studied mainly for the following two groups. One is the combination of ferromagnetic semiconductors and semiconductors, such as GaMnAs/GaAs [9] and GaMnAs/AlAs [10, 11] , and the other is the combination of ferromagnetic metals and semiconductors, such as Fe/Si. The Fe-Si system has various phases, such as ferromagnetic Fe3Si [12] , semiconducting β-FeSi2 [13, 14] , amorphous and nanocrystalline (NC)-FeSi2 [15] , and nonmagnetic metallic FeSi. Thus far, Fe/Si [16] [17] [18] , Fe/Fe-Si [19, 20] , and Fe/Fe1-xSix [21] artificial lattices have been studied. Recently, Fe3Si has been studied as a spin injection electrode [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
We have studied ferromagnetic Fe3Si/semiconducting NC-FeSi2 artificial lattices [41] [42] [43] [44] [45] [46] [47] [48] . This combination has the following merits: (i) since the electrical conductivity of FeSi2 spacer layers is an order of magnitude smaller than that of Fe3Si layers, a magnetoresistance effect in currentperpendicular-to-plane (CPP) geometry is expected to be detectable; (ii) the epitaxial growth of Fe3Si layers on Si(111) substrates is successively maintained up to the top Fe3Si layer across FeSi2 spacer layers [42] , which is beneficial to the coherent transportation of spin-polarized electrons; (iii) a strong antiferromagnetic (AF) interlayer coupling [41] can be induced among the ferromagnetic Fe3Si layers in spite of the saturation magnetization of Fe3Si being one-half that of Fe [41] ; (iv) Fe3Si is feasible for practical use since it has a high Curie temperature of 840 K [43] ; and (v) d electrons contribute to the electrical conduction in both layers. Thus far, we have confirmed that B2-type Fe3Si layers are epitaxially grown not only on a Si(111) substrate but also up to the top layer across FeSi2 layers [42] , and ferromagnetic (F)/AF interlayer couplings are induced by controlling the thickness of FeSi2 layers [41] .
Spin dependent carrier transport accompanied by the magnetization switching of ferromagnetic layers across nonmagnetic layers is one of the most important physical phenomena in spintronics. The magnetization switching has mainly been achieved by applying magnetic fields. On the other hand, in recent years, toward the commercialization of a magnetoresistive random access memory (MRAM), so-called spin random access memory, current-induced magnetization switching (CIMS) has attracted attention for miniaturizing elements. A reduction in the critical current density (Jc) for reducing CIMS is an important factor from the viewpoint of the application to MRAM. Considering its compatibility with metal oxide semiconductor (MOS) transistors, a reduction in Jc to 5  10 5 A/cm 2 is required for the 60-70 nm generation of MOS transistors [49] . From recent research studies, the following key factors for reducing Jc have been clarified: i) Jc is proportional to the square of the saturation magnetization (Ms) of ferromagnetic layers; thus, small Ms materials are preferable; ii) Jc decreases with decreasing cell volume [50, 51] ; iii) since Jc is inversely proportional to the square of spin polarization efficiency, highly polarized spin injection is effective for reducing Jc [52] [53] [54] [55] ; and iv) the employment of highly spin-polarized ferromagnetic materials is effective for Jc reduction [56] [57] [58] .
CIMS has been studied in various CPP structural junctions. However, there have been few research studies on CIMS for multilayered CPP structures wherein interlayer coupling is induced. In our previous work, we have reported the occurrence of CIMS at low current densities in 300  300 µm 2 CPP junctions comprising Fe3Si/FeSi2 artificial lattices with AF interlayer coupling [48] . The multilayers junctions with interlayer coupling seems to be advantageous for Jc reduction. In this study, CPP junctions with different sizes were fabricated from Fe3Si/FeSi2 artificial lattice films by employing a FIB apparatus, and investigated CIMS for them. It is presented that the average value of Jc is 2  10 2 A/cm 2 , which is three orders of magnitude smaller than the values that have ever been reported, and the Jc hardly depends on the cross-sectional area of the junctions.
Experimental procedure
CPP structural junctions with various cross-sectional areas were fabricated from Fe3Si (200 Å)/[Fe3Si (25 Å)/FeSi2 (7.5 Å)]20/Fe3Si (200 Å) multilayered films by using a FIB technique. Figure 1 shows the schematic of a fabricated sample composed of 4 CPP junctions and a centered tungsten electrode. Each cross sectional areas of the CPP junctions are 50  50, 200  200, 300  300, and 400  400 µm 2 , respectively. The source artificial lattice films were deposited by facing-target direct-current sputtering (FTDCS) in the following procedure. First, a Fe3Si bottom layer (200 Å) was deposited on p-type Si(111) substrates with a specific resistance range of 1000-4000 Ω·cm, which was produced by a floating zone method. Subsequently, the FeSi2 (7.5 Å) and Fe3Si (25 Å) layers were alternately deposited 20 times; finally, a Fe3Si top layer (200 Å) was deposited in the same manner as in a previous study [41] . The deposition was performed at a substrate temperature of 300 °C. The base pressure was set lower than 2  10 5 Pa, and the film deposition was carried out at 1.33  10
1
Pa. For such a Fe3Si/FeSi2 multilayer film, the FIB technique was applied to fabricate the various cross sectional areas CPP junctions in the following procedure. The surrounding areas of CPP junctions were etched until the Fe3Si bottom layer appeared. Successively, electrical contacts were formed by the deposition of tungsten in the FIB apparatus, and the back contact of the CPP junction was formed on the Fe3Si bottom layer. After the sample was removed from the FIB apparatus, it was placed in a radio frequency (RF) magnetron sputtering apparatus and an approximately 1 m SiO2 film was deposited on the entire surface of the sample in argon and oxygen mixed gas atmosphere by RF magnetron sputtering with a SiO2 target. The CPP junctions were completely buried in the SiO2 film to protect the junctions and suppress the leakage current flowing in the laterals of the CPP junctions. The sample was returned to the FIB apparatus and the portions of SiO2 deposited on the tungsten electrodes were removed by the FIB technique. Finally, additional tungsten electrodes were deposited on top of the existing tungsten electrodes. As shown in Fig. 2 , CIMS measurements were made separately for each CPP junction using the shared tungsten electrode located among the CPP junctions. The crystalline structures and magnetization curves of the artificial lattice films were characterized by X-ray diffraction (XRD) analysis using Cu K radiation and a vibrating sample magnetometer (VSM), respectively. CIMS was studied from their electrical resistance-injection current curves measured by a four-probe method.
Results and discussion
Fe3Si/FeSi2 multilayered films were structurally investigated by XRD analysis. Figures 3(a) and 3(b) show XRD patterns measured in 2 with an incidence angle of 1.5° and in 2-, respectively. No peak was observed in 2 measurement, and the 2- pattern showed a peak attributable to Fe3Si-222. Here, the index for Fe3Si was based on DO3-Fe3Si lattices. The pole figure of the Fe3Si-422 plane with the rotation axis of Fe3Si [222] has three diffraction spots, indicating that Fe3Si crystallites oriented in the depth direction are also ordered in-plane to the Si(111) substrate. In our previous study, we confirmed that B2-type Fe3Si layers are epitaxially grown from the first layer on Si(111) up to the top layer across the FeSi2 layer with the same orientation relationship as the first layer for structurally similar films, by transmission electron microscopy [42] . Since the XRD results are the same as those in the previous study, the Fe3Si layers should be oriented similarly. Figure 4 shows the magnetization curve of the Fe3Si/FeSi2 multilayered film. External magnetic fields were applied in in-plane directions. Our previous study confirmed that the interlayer coupling induced between Fe3Si layers across FeSi2 layers changes with the FeSi2 layer thickness and AF coupling is induced at a FeSi2 thickness of 7.5 Å. As expected, the shape of the magnetization curve evidently indicates the production of AF interlayer coupling. The saturation magnetization is approximately 10 kOe.
CIMS were investigated for all the junctions. The electrical resistance (R)-injection current (I) characteristics of the 50  50, 200  200, 300  300, and 400  400 µm 2 junctions are shown in Fig. 5(a) , 5(b), 5(c), and 5(d), respectively. All the junctions exhibit clear hysteresis loops, similarly to a CPP junction fabricated by a mask method in our previous study [45] . Thus, CIMS should occur also in all the CPP junctions in this study. The electrical resistance is classified roughly into two, and the large and small values should be attributable to the antiparallel and parallel magnetization alignments, respectively. The difference in electrical resistance is due to the so-called spin-dependent transport in ferromagnetic metals, similarly to those in GMR and TMR junctions.
Except for the critical change in the electrical resistance due to CIMS, the electrical resistance gradually decreases with increasing injection current. This is probably because the electrical resistance of the semiconducting FeSi2 layers are sensitively decreases due to Joule heat effect. This value is at least three orders smaller than the values that have ever been reported for metallic multilayers and tunnel junctions [54, 59, 60] . This value might be impossible to be explained by a present theory using the LLG equation [61, 62, 63] . The reason for this is probably because the mechanism of CIMS in our junctions comprising AF-coupled multi-layers is completely different from that reported and theoretically explained thus far.
The antiparallel alignment at zero injection current is induced not by the difference in coercive force between ferromagnetic layers but by AF interlayer coupling. The AF interlayer coupling is induced by a static spin flow, in other words, a quantum well comprising polarized electrons. The CIMS in this study might be caused not by spin torque transfer but by the destruction of AF interlayer coupling. The employment of the semiconducting FeSi2 layers is a distinguished specific to our work. The semiconducting properties of nanocrystalline FeSi2 films [47, 64] , which were prepared in the same manner as the FeSi2 layers in this study by FTDCS, and the application of the FeSi2 films to heterojunction photodiodes with p-type Si [65] have ever been reported thus far. The Jc value is roughly comparable to the probable carrier density of FeSi2 on the assumption that the mobility of electrons in FeSi2 is 1 cm V 1 s 1 . From this viewpoint, the Jc value is reasonably small for destroying the AF interlayer coupling.
Conclusion
CPP structural Fe3Si/FeSi2 junctions with different cross-sectional areas were fabricated from Fe3Si/FeSi2 artificial lattice films by employing a FIB technique, and CIMS including the Jc was studied. The Jc was hardly dependent on the cross-sectional area of the CPP junctions and its value was approximately 2  10 2 A/cm 2 . Since this is at least three orders smaller than the values that have ever been reported and it is impossible to be explained by a present theory using the LLG equation, the mechanism of CIMS should be fundamentally different from that in general CIMS junctions. The Jc value is comparable to the carrier density of FeSi2, the injection current might have the potential to destroy the AF interlayer coupling. Although Jc is extremely small, critical current (Ic) is not so small because of the large junction size as compared with other materials junctions. Successive study for further minimized CPP junctions is required in order to understand the mechanism of CIMS more.
